We present IRAM 30m observations of molecular lines of CO and its isotopologues from the massive spiral galaxy NGC 5908 selected from the CGM-MASS sample.
INTRODUCTION
The evolution of an isolated spiral galaxy is regulated by the cooling and accretion of the circum-galactic medium (CGM), the condensation of the cool gas in the disk and the follow-up star formation, as well as the feedback of energy and metal-enriched material by young stars and supernovae (SNe) back into the interstellar medium (ISM) and the CGM. In these processes, molecular gas in the galactic disk acts as a link for gas cycling between the CGM (via cooling and accretion) and the star formation (by providing fuel) (e.g., Kennicutt & Evans 2012; Bolatto et al. 2013 and references therein). Therefore, measuring the overall content and spatial distribution of molecular gas in an isolated spiral galaxy plays a key role in understanding how it builds up the stellar content of the galaxy.
A spiral galaxy is not expected to survive a few major mergers, so the most massive galaxies in the local universe are always giant ellipticals in the center of clusters of galaxies. However, there exist extremely massive spiral galaxies with stellar mass a few times of the Milky Way (MW) in the local universe. These galaxies often have specific star formation rates (sSFR = SFR/M * , where SFR and M * are the star formation rate and stellar mass of the galaxy) comparable to or lower than that of the MW, so it is impossible to build up their huge stellar mass with just continuous star formation at the current rate (e.g., Li et al. 2017) . Galaxy archeology with globular clusters (GCs) reveals that there are at least two stellar populations in massive spirals, associ-1 Department of Astronomy, University of Michigan, 311 West Hall, 1085 S. University Ave, Ann Arbor, MI, 48109-1107, U.S.A.
2 Anton Pannekoek Institute for Astronomy, University of Amsterdam, Science Park 904, 1098 XH, Amsterdam, Netherlands 3 Purple Mountain Observatory/Key Lab of Radio Astronomy, Chinese Academy of Sciences, Nanjing 210034, China ated with the disk and bulge respectively, with the disk component typically younger and with higher metallicity (e.g., Cezario et al. 2013 ). This bimodality in the age and metallicity of GCs indicates that the major part of the disk of these galaxies may form after the merger and starburst stage when the galaxy swallowed most of the companions and became dominant in the dark matter halo. This scenario is further supported by the discovery of superluminous (M * = 0. 3−3.4×10 11 M ⊙ ) spiral galaxies with active star formation (SFR = 5 − 65 M ⊙ yr −1 ), diverse environments and merger stages at z ∼ 0.1 − 0.3 (Ogle et al. 2016 ). These galaxies may be the progenitors of the local massive, isolated, quiescent spiral galaxies which represent the cleanest cases to witness the gentle growth of galactic disks without major merger and extensive star formation.
The above scenario indicates that the massive spiral galaxies observed in the local universe may have the major gas supply cutoff and the star formation stopped (also see discussions in Schawinski et al. 2014) . In this case, the leftover cold gas is quite informative in our understanding of the star formation, gas budget, and feedback efficiency in the post-starburst stage. We need to answer a few key questions to understand the formation of these extremely massive spiral galaxies, such as: (1) What is the amount and spatial distribution of the molecular gas? Do they maintain a regular, enhanced, or reduced star formation in the post starburst stage? (2) Is the gas circulation between the galaxy and CGM sufficient to maintain the observed amount of cold gas and star formation? (3) How does the existence of cold gas affect the feedback efficiency?
The Circum-Galactic Medium of MASsive Spirals (CGM-MASS) is a project studying the multi-phase CGM around the most massive (rotation velocity v rot > 300 km s −1 , stellar mass M * 1.5 × 10 11 M ⊙ ) isolated spiral galaxies in the local universe . The sample includes five galaxies observed in an XMM-Newton AO-13 large program plus a few galaxies with high quality archival X-ray data. All of the sample galaxies appear to be less active in star formation than the star formation main sequence of low redshift galaxies (e.g., Chang et al. 2015) . None of them are in dense environments such as galaxy clusters. In order to study the molecular gas properties of these massive isolated quiescent spiral galaxies, we obtained deep IRAM 30m observations of the molecular lines of seven of the CGM-MASS galaxies visible in the northern sky in the 2016B, 2017A, and 2018B semesters with a total observing time of 25.2 hours.
In this paper, we focus on the initial results from the IRAM 30m observations of NGC 5908, which has the highest quality data and is the nearest galaxy in the CGM-MASS sample ; see basic parameters of NGC 5908 in Table 1 ). NGC 5908 is a highly-inclined massive spiral galaxy. We adopt a SFR estimated from the WISE 22 µm data (3.8 ± 0.1 M ⊙ yr −1 ; Li et al. 2017) , which is ≈ 43% of what is obtained from the low-resolution IRAS data , and is consistent with the measured radio flux (Condon et al. 2002 ) and the radio-IR relation of edge-on galaxies (e.g., Li et al. 2016a ). The resultant specific SFR and SFR surface density are SFR/M * = 0.15 M ⊙ yr −1 /(10 10 M ⊙ ) and Σ SFR = 3 × 10 −3 M ⊙ yr −1 kpc −2 (assuming the radius of the star forming disk is r = 20 kpc), respectively, both comparable to that of the MW (Robitaille & Whitney 2010; McMillan 2011 (e.g., Li & Wang 2013a,b; Wang et al. 2016) . Therefore, we regard NGC 5908 as a star formation inactive galaxy.
In the present paper, we will present data reduction in §2, main results and discussions in §3, and summarize the major conclusions in §4. Errors are quoted at 1 σ level throughout the paper.
DATA REDUCTION
The IRAM 30m observations of NGC 5908 was taken in 2016B (on July 26, 2016; Project ID 062-16; PI: Jiang-Tao Li) and 2018B semesters (on August 21, 2018; Project ID 063-18; PI: Jiang-Tao Li), respectively. The observations were taken with the Eight MIxer Receiver (EMIR) in Wobbler switching (WSW) mode in 2016B and in position switching (PSW) mode in 2018B, with the E90/E230 combination covering the CO J = 1 − 0 and J = 2 − 1 lines simultaneously. The fast Fourier transform spectrometer (FTS) backend was used, which provides a frequency resolution of 200 kHz. The half power beam width (HPBW) of IRAM 30m is ∼ 10.7 ′′ at 230 GHz and 21.3 ′′ at 115 GHz. The 2016B observations were taken from eight positions along the dustlane of this highly inclined disk galaxy (Fig. 1) . For the inner regions (white solid circles in Fig. 1 ), the exposure time is 30.6 minutes for each position, while for the outermost regions at the edge of the dustlane (black solid circles in Fig. 1 ), we adopted 62 minutes for each position to achieve a better sensitivity. We only observed two positions in the 2018B observations: the nuclear region (position "8" in Fig. 1 ) has an exposure time of 9.8 minutes, and the outer region at the edge of the dustlane (position (Navarro et al. 1996) . r 200 is the radius of the dark matter halo. kT is the hot gas temperature. L X,r<0.1r 200 is the 0.5-2 keV soft X-ray luminosity of the hot gas component measured within 0.1r 200 . r cool is the cooling radius defined as where the radiative cooling timescale equals to 10 Gyr.Ṁ cool,r<r cool is the integrated radiative cooling rate calculated within r cool . M hot,r<r 200 is the total hot gas mass within r 200 . All the hot gas parameters are estimated based on XMM-Newton observations , τ13 CO,median , T K,median are the median values of the 12 CO J = 1 − 0 to 13 CO J = 1 − 0 ratio, the 12 CO J = 2 − 1 to 12 CO J = 1 − 0 ratio, the optical depth of 13 CO J = 1 − 0, and the kinetic temperature of the gas measured at different positions along the disk. M vir is the virial mass of the dark matter halo measured from the CO line rotation curves. Σ H 2 and Σ H 2 +HI are the surface density of the molecular or total cold gas, assuming the radius of the cold gas disk is 20 kpc. ("8" and "9") are taken in the 2018B semester, with "9" has an exposure time comparable to the black solid circles while "8" has much shorter exposure time (see text for details). Most of the observations are along the dustlane, except for position "8" which is on the galactic center and slightly offset from the dustlane. The scale bar has a length of 20 kpc assuming a distance of d = 51.9 Mpc.
"9" in Fig. 1 ) has an exposure time of 68.8 minutes. The 2018B observations did not cover the 13 CO J = 1 − 0 line at the redshift of NGC 5908.
12 CO J = 1 − 0 (rest frame frequency ν rest = 115.271 GHz; Fig. 6 ), 12 CO J = 2 − 1 (ν rest = 230.538 GHz; Fig. 7 ), and 13 CO J = 1 − 0 lines (ν rest = 110.201 GHz; Fig. 8 ) have been detected at most of the positions (except for 13 CO J = 1 − 0 at region 7 and the two positions 8 and 9 observed in 2018B) around the redshift of the galaxy. The velocity resolution was typically rebinned to (10 − 20) km s −1 to detect and well resolve the emission lines.
We calibrate and reduce the data following the standard steps with the GILDAS/CLASS package (http:// www.iram.fr/IRAMFR/GILDAS; Pety 2005). The flux was calibrated during the observations using the standard sources. We correct the integrated line intensity (I, in unit of K km s −1 , integrate the antenna temperature over a given velocity range) with the main beam efficiency using the recommended value of B eff = 78% at 115 GHz for the J = 1 − 0 transitions and 59% at 230 GHz for the J = 2 − 1 transition on the IRAM website (http://www.iram.es/IRAMES/ mainWiki/Iram30mEfficiencies). We also adopt the recommended forward efficiencies of F eff = 94% at 115 GHz for the J = 1−0 transitions and 92% at 230 GHz for the J = 2 − 1 transition from the same website.
The emission lines are fitted with either a 1-gauss or 2-gauss model plus a linear baseline determined typically at |v| < 1400 km s −1 from the systematic velocity of the galaxy. The frequency windows used to fit the baseline are determined manually for each spectrum (windows are not plotted in Figs. 6, 7, 8) , after masking channels covering the emission lines or with significantly non-linear baselines (e.g., v −500 km s ). The number of gaussian lines used in the fit is determined by whether or not the data can be well fitted with a single gaussian model. In many regions, in addition to a broad component with a typical line width of (100 − 400) km s −1 , there is often an additional narrow component with a line width of a few tens of km s −1 . This decomposition may lead to the larger errors of some parameters measured in the inner region of the galaxy (e.g., Fig. 2 ). In other regions, however, a single broad or narrow component can fit the data well.
The broad and narrow components are often significantly shifted from each other. We therefore calculate an average line velocity by weighting the two components with their velocity integrated intensity. This averaged line velocity v will be used to construct rotation curves in §3.3. All these directly measured parameters are summarized in Table 2 . The corrected integrated line intensities are presented in Fig. 2 , while the rotation curves constructed with the averaged line velocities will be discussed in §3.3. We do not list the width of the CO lines, which is not directly used in the paper, and in some cases largely affected by the decomposing of different components. In general, the largest width of the broad component around the center of the galaxy is ∼ 400 km s −1 (Figs . 6, 7, 8) . If the line is dynamically broadened, such a large line width indicates a deep gravitational potential, as will be discussed in §3.3.
For the ratio between different emission lines, we need to correct for the different beam dilution at different frequencies. NGC 5908 has been observed in CO J = 1 − 0 by CARMA as part of the EDGE-CALIFA Survey (Bolatto et al. 2017) . The CO J = 1 − 0 emission in the inner region of the galactic disk (radial extension comparable to the dustlane) is resolved and typically smaller than the IRAM 30m beam size in the vertical direction. The projected molecular gas distribution in NGC 5908 is therefore neither a point-like source nor a 2-D extended source. We assume the distribution of the molecular gas in NGC 5908 is "disk" like, i.e., continuous along the galactic disk while less extended than the main beam size of IRAM 30m in the vertical direction, consistent with the CARMA CO J = 1 − 0 image. We then construct 1-D "images" of different CO lines from the isolated IRAM 30m pointings. These CO images have a vertical extension equal to the size of the IRAM main beam at the corresponding frequencies. As we have chosen a separation of different pointings to be roughly equal to the IRAM main beam size at the CO J = 2 − 1 line, the intensity distributions along the galactic disk at all the frequencies of interest are continuous. We then convolve the higher frequency line images to the same resolution as the lower frequency ones when calculating their ratios. Compared to the directly measured line ratios, the measured beam dilution correction factor for the 12 CO J = 1 − 0/ 13 CO J = 1 − 0 ratio is typically 0.87-0.95, while it is typically 0.38-0.65 for the 12 CO J = 2 − 1/ 12 CO J = 1 − 0 ratio. The corrected line ratios are listed in Table 2 and plotted against the radial distance in Fig. 3 .
RESULTS AND DISCUSSION
3.1. Column density distribution and total mass of molecular gas We first derive the molecular gas column density N H2 from the main beam and forward efficiency corrected, integrated CO line intensity I CO using the conversion factor defined as X ≡ N H2 /I CO , where N H2 is in unit of 10 21 cm −2 and I CO is in unit of K km s −1 . Both the 12 CO and 13 CO J = 1 − 0 lines can be used to measure N H2 , but the conversion factor X has large systematic uncertainties. We adopt an empirical X12 CO J=1−0 = 0.2 × 10 21 cm −2 /(K km s −1 ) (e.g., Nishiyama et al. 2001; Shetty et al. 2011; Bolatto et al. 2013) , which however, may be highly variable in extreme physical conditions and is often underestimated with only low-J CO transitions (e.g., Papadopoulos et al. 2012b ). The 12 CO J = 1 − 0 line, owing to the high abundance of 12 C, may be highly affected by the optical depth effect. On the other hand, the abundance of 13 CO and the physical state of molecular gas (in diffuse or dense clouds) both show significant variations across the disk of many nearby galaxies, resulting in a 13 CO-to-N H2 conversion factor X13 CO J=1−0 = 1.0 × 10 21 cm −2 /(K km s −1 ) with a standard deviation of a factor of two (e.g., Cormier et al. 2018] . In general, it is often suggested that X CO decreases with increasing metallicity (e.g., Schruba et al. 2012) . A lower X CO is also found in starburst galaxies or in the central bright regions with high stellar surface density in some galaxies (see a review in Bolatto et al. 2013 ). However, none of these processes seem to highly affect the X CO in a massive non-starburst galaxy such as NGC 5908. In this paper, we present N H2 measured from both the 12 CO and 13 CO J = 1 − 0 lines with the conversion factors of X12 CO J=1−0 = 0.2 × 10 21 cm −2 /(K km s −1 ) and
. The results are summarized in Table 2 .
Radial distribution of N H2 as derived above is plotted together with the integrated intensities of the 12 CO J = 1 − 0, 13 CO J = 1 − 0, and 12 CO J = 2 − 1 lines in Fig. 2 . We caution that the derived N H2 depends on the filling factor f of the CO emission region within the beam as f −1 . In highly inclined galaxies with most of the molecular gas distributed within a thin disk, the apparent vertical thickness of the molecular disk may be smaller than the IRAM 30m beam size (supported by the spatially resolved 12 CO J = 1 − 0 image from Bolatto et al. 2017) , and f may be significantly less than 1, so the derived N H2 may just represent a lower limit of the real molecular gas column density.
Integrating the N H2 profile and assuming the vertical extension of the molecular gas disk equals to the main beam size of IRAM 30m at the corresponding frequencies, we can obtain the total molecular gas mass of NGC 5908 to be M H2 = 8.26 ± 0.35 × 10 9 M ⊙ (5.16 ± 0.42 × 10 9 M ⊙ ) based on 12 CO J = 1 − 0 ( 13 CO J = 1 − 0). Since N H2 adopted in calculating M H2 is an average value within the beam, this derived M H2 does not depend on the filling factor f .
3.2. CO line ratios and physical conditions of molecular gas 12 CO J = 1−0, J = 2−1, and 13 CO J = 1−0 emission lines are clearly identified in most of the positions. Their integrated intensity ratios are quite informative of the physical conditions of the molecular gas in the galaxy. In this section, we present the 12 CO/ 13 CO J = 1 − 0 and 12 CO J = 2 − 1/J = 1 − 0 line ratios ( Fig. 3 ) and some physical parameters derived from them ( Fig. 4 ; the parameters are summarized in Table 2 ), after correcting the beam dilution at the corresponding line frequencies following the procedure described in §2.
The 12 CO/ 13 CO line ratio is basically affected by two factors: the abundance of 13 CO and the optical depth of the CO lines (e.g., Alatalo et al. 2015; Jiménez-Donaire et al. 2017) .
13 CO is preferentially formed in cold regions via ion-molecule interaction. This isotope-dependent fractionation will increase the 12 CO/ 13 CO abundance ratio in warm molecular clouds. Furthermore, 13 C is only produced by the CN cycle of Helium Burning in intermediate-mass stars, or as a secondary product in low-mass and high-mass (> 10 M ⊙ ) stars (Sage et al. 1991) . The total effect related to molecular abundance is thus a higher 12 CO/ 13 CO abundance ratio in recent star forming regions (e.g. other hand, the 12 CO/ 13 CO line ratio could also be affected by the optical depth effects, which may either be caused by the change of gas temperature/density or by the presence of a diffuse, non-self-gravitating gas phase. These optical depth effects may result in the higher 12 CO/ 13 CO line ratio in extensive star forming galaxies (e.g., Tan et al. 2011; Jiménez-Donaire et al. 2017; Cormier et al. 2018) . This is often explained as that 12 CO emission largely arises from a warm diffuse interclumpy medium whereas 13 CO emission mainly originates in denser cores. In active star forming regions, strong UV emission, SN shocks, and cosmic rays may heat, perturb, and dissociate the molecular cloud, resulting in a more significant decrease of the optical depth of the 12 CO-rich envelope (than the 13 CO-rich core). There are thus more 12 CO photons escaping out of the molecular clouds, producing higher 12 CO/ 13 CO line ratios. The 12 CO/ 13 CO line ratios measured in NGC 5908 (with a median value of R 12 CO 10 13 CO 10 = 7.0 ± 1.7; Table 2 ) is in general comparable to some non-star-forming or normal star forming galaxies, but not as high as extreme starburst galaxies (e.g., Tan et al. 2011; Alatalo et al. 2015; Sliwa et al. 2017a,b; Cormier et al. 2018) . Furthermore, R 12 CO 10 13 CO 10 does not increase in the nuclear region (Fig. 3a) . We therefore believe the 12 CO/ 13 CO line ratio in NGC 5908 is not significantly affected by star formation feedback.
The 12 CO J = 2 − 1/J = 1 − 0 line ratio depends on the temperature and optical depth, thus the structure and heating sources of the molecular clouds. Based on the 12 CO J = 2 − 1/J = 1 − 0 line ratio, most of the Galactic molecular clouds could often be classified into two types: the low ratio gas with R 12 CO 21 12 CO 10 < 0.7 and the high ratio gas with R 12 CO 21 12 CO 10 = 0.7 − 1.0 (Hasegawa 1997) . The low ratio gas is thought to be in molecular clumps with extended envelopes, where the CO emission mostly comes from low-density gas. On the other hand, the high ratio gas is in highly confined clumps with a steep density gradient and a thin CO emitting envelope, and is thus often found in the bright ridges of molecular clouds which are associated with star formation regions but not directly related to massive star formation (the low and high ratio gas is in general found in molecular clouds with a density 10 2 cm −3 or 10 2 cm −3 ; e.g., Peñaloza et al. 2017) . There is also another phase of molecular gas with R 12 CO 21 12 CO 10 > 1 (very high ratio gas).
These gas clouds are influenced by significant external heating by UV photons from young stars or shock from SNe, both closely related to active star formation (e.g., Hasegawa 1997) .
The CO line ratios is in general highly affected by the local environmental conditions, such as the supersonic turbulence of the molecular clouds, the interstellar radiation field, and the cosmic ray ionization rate, etc. (e.g., Peñaloza et al. 2018) . In most of the cases, efficient heating via these processes are only important in extreme starburst environments (e.g., Papadopoulos et al. 2012a) , although some molecular clouds with R 12 CO 21 12 CO 10 > 1 have also been suggested to be mainly heated by background cosmic rays (e.g., Zhou et al. 2018) . In most of the regions (except for the outermost regions with large error bars), the observed 12 CO J = 2 − 1/J = 1 − 0 line ratio in NGC 5908 is < 0.7, with a median value of R 12 CO 21 12 CO 10 = 0.43±0.11 (Table 2) . Furthermore, we do not find any significant increase of R 12 CO 21 12 CO 10 in the nuclear region where the star formation is often the strongest in spiral galaxies. Therefore, we conclude that star formation in NGC 5908 is not intensive enough to modify R 12 CO 21 12 CO 10
. However, we notice that there is a prominent 12 CO J = 2−1 narrow line detected in the nuclear region (position "0" in Fig. 7 ), but no corresponding component is detected in the 12 CO J = 1 − 0 and 13 CO J = 1 − 0 bands (Figs. 6, 8, Table 2 ), indicating the presence of some external heating sources. Either weak star formation or the AGN ) may contribute in the heating of the molecular clouds in the nuclear region.
We next roughly estimate some derived physical parameters based on a few assumptions: (1) the molecular cloud is under the local thermal equilibrium (LTE) condition; (2) the emission lines from different CO isotopologues are co-spatial and have the same filling factor within the telescope beam, they also have the same excitation temperature; (3) the 13 CO J = 1 − 0 line is optically thin while the 12 CO J = 1 − 0 line is optically thick. All the assumptions need to be confirmed but are in general true for a regular galaxy with no extreme conditions. Under these assumptions, the optical depth of 13 CO τ13 CO can be derived from the 12 CO/ 13 CO line ratio (Tan et al. 2011 ):
The derived τ13 CO is listed in Table 2 and plotted in Fig. 4a . τ13 CO is 0.2 throughout the disk, with a median value of 0.16 ± 0.03. The temperature of the molecular cloud could be estimated from the relative strength of the 12 CO and 13 CO lines. N H2 can also be derived from the 13 CO J = 1 − 0 line as (Tan et al. 2011 (Frerking et al. 1982) . We also estimate the kinetic temperature of the gas T K by equating Eq. 2 to the N H2 derived from I12 CO J=1−0 . The derived T K is listed in Table 2 and plotted in Fig. 4b , with a median value of 32 ± 9 K. At r 8 kpc, T K is quite stable at a value comparable to the median value, but T K shows large uncertainty and fluctuation at larger radii. In interstellar molecular clouds without significant external heating sources, T K is often < 20 K, so there could be moderate heating of the molecular clouds in NGC 5908, but the relatively low T K compared to ∼ 10 2 K in starburst galaxies (e.g., Tan et al. 2011 ) rules out a significant external heating by active star forming processes.
3.3. Molecular gas rotation curve IRAM 30m observations of the molecular lines provide higher velocity resolution than any other gas components to study the fine structure of gas dynamics. The almost edge-on orientation of NGC 5908 is also optimized to study the rotation curve of this extremely massive spiral galaxy with least uncertainty on the inclination correction.
We combine the rotation curves of the 12 CO J = 1 − 0, 13 CO J = 1 − 0, and 12 CO J = 2 − 1 lines in Fig. 5 . The average velocities of the lines and their errors, however, are measured based on averaging different components of the lines, as detailed in §2. At least at the outermost data points, we clearly see the trend of flattening of the rotation curves from the 12 CO J = 1 − 0 and J = 2 − 1 lines ( 13 CO J = 1 − 0 is not detected or covered), so the rotation curves could be used to estimate the dark matter halo mass of the galaxy (e.g., Sofue & Rubin 2001) .
We use the universal rotation curve of spiral galaxies from Salucci et al. (2007) to characterize the shape of the rotation curves measured from the molecular lines. This universal rotation curve has two components: a stellar disk described by the Freeman disk (Freeman 1970) and a dark matter halo described by the Burkert profile (Burkert 1995) which converges to the NFW profile (Navarro et al. 1996) at large radii and often better fit the observed rotation curves. The universal rotation curve is thought to be valid out to the virial radius and has the virial mass of the dark matter halo (M vir ) as the only galaxy indicator. With the inclination angle fixed at i = 65.31
• inferred from the optical morphology of the galaxy (obtained from HyperLeda; Makarov et al. 2014) , we cannot well fit the molecular line rotation curves (χ 2 = 383 for a degree of freedom of d.o.f. = 24). We also notice that some authors have adopted a higher inclination angle of NGC 5908 (e.g., i = 81
• in Kalinova et al. 2017) . Therefore, we set it free and obtain a bestfit value of i = (89.98
• (with a significantly reduced χ 2 = 145 for d.o.f. = 23), indicating a perfectly edge-on molecular gas disk which may be slightly misaligned with the stellar disk. The best-fit virial mass of the dark matter halo is M vir = 1.42 The above estimate of the dark matter halo mass based on the CO rotation curve may have large systematic uncertainties: (1) The peak of the universal rotation curve is always at r ≈ (10 − 20) kpc in a broad range of halo mass, within which the stellar component dominates (Salucci et al. 2007) . Without a good characterization at larger radii, the halo component cannot be directly constrained, especially for such massive galaxies whose dark matter distribution is very flat in the inner halo (the dashed curves in Fig. 5) . (2) For super-L ⋆ galaxies as massive as NGC 5908, the stellar mass-halo mass relation may be quite different from those of lower mass galaxies (e.g., Behroozi et al. 2010) . Therefore, it may be problematic adopting M vir as the only galaxy indicator. (3) Salucci et al. (2007) does not include a bulge component in their rotation curve developed for spiral galaxies, while NGC 5908 has a significant bulge. (4) The back-reaction of baryons on the dark matter halo density distribution is not considered in the Burkert profile, and could make the radial distribution of dark matter significantly more concentrated (e.g., Duffy et al. 2010) , especially when the feedback is weak such as the case of NGC 5908 . (5) NGC 5908 has a bright companion NGC 5905 located at ≈ 200 kpc away, whose tidal interaction may affect the dynamics of the gaseous disk. Considering these systematic uncertainties, we conclude that the dark matter halo mass of NGC 5908 is of the order of ∼ 10 13 M ⊙ , one of the largest as a spiral galaxy. However, we emphasize that a more accurate -Rotation curves of the 12 CO J = 1 − 0 (diamond), 13 CO J = 1 − 0 (triangle), and 12 CO J = 2 − 1 (box) lines along the galactic disk. The x-axis is the distance along the galactic plane from the galactic center. Data points of the 13 CO J = 1 − 0 and 12 CO J = 2 − 1 lines are slightly shifted in the x-direction in order to avoid overlapping. The dotted vertical and horizontal lines show the best-fit shift from the optical center (+0.8 kpc) and the systematic velocity of NGC 5908 (+48 km s −1 ). The best-fit inclination angle is 89.98 • , significantly larger than the value determined in optical (65.31 • , obtained from HyperLeda Makarov et al. 2014) . The solid curve is the universal rotation curve (Salucci et al. 2007 ) with a best-fit halo mass of log(M vir /M ⊙ ) = 1.4 × 10 13 M ⊙ . The halo and disk components are plotted as the dashed and dash-dotted curves (very close to the solid curve), respectively. measurement of M vir requires better data and modeling. We will need a higher angular resolution and deeper CO line map to separate different overlaid velocity components and to detect gas at larger radii. We also need an updated analytical rotation curve including a bulge component and adopting the stellar mass-halo mass relation for super-L ⋆ galaxies.
3.4.
How does cold gas affect the gas budget, star formation efficiency, and feedback efficiency? In this section, we discuss how the measured cold gas properties help us to understand the evolution of this extremely massive, isolated spiral galaxy. We will compare the measured molecular gas content (plus the atomic gas mass obtained from archive) to the SFR, hot CGM radiative cooling rate (Ṁ cool ), and the expected baryon mass obtained from multi-wavelength observations. As the molecular gas mass estimated from both the 12 CO J = 1 − 0 and 13 CO J = 1 − 0 lines have significant systematic uncertainties, we adopt an average value of them (M H2 = 6.8 ± 1.7 × 10 9 M ⊙ ) in the following discussions. We also adopt an atomic hydrogen gas mass of M HI = 5.9 × 10 9 M ⊙ from the H I 21-cm line observations of van Moorsel (1982) , so the total cold gas mass of NGC 5908 is M H2+HI ≈ 1.3 × 10 10 M ⊙ . Galaxies in the local universe are observed to have the baryon content much lower than is needed in Big Bang nucleosynthesis, forming the "missing baryon" problem (e.g., Bregman 2007; Bregman et al. 2018; Li et al. 2018) . The total mass of cold molecular and atomic gas of NGC 5908 is in general comparable to the mass contained in the extended hot CGM (M hot = 1.4 Table 1 ), so is important in the gas budget. However, compared to the stellar mass of M * = 2.6 × 10 11 M ⊙ and the expected total baryon mass of ≈ 2×10 12 M ⊙ from the estimated dark matter halo mass , the mass contained in the multi-phase gases is not quite important and far from accounting for the missing baryons.
The relatively small gas content, however, may still be important in the gas circulation and star forma-tion of this massive, isolated, spiral galaxy. We first check if the galaxy follows the Kennicutt-Schmidt
1.4±0.15 ; Kennicutt 1998 ]. Assuming the radius of the star forming disk to be r = 20 kpc, consistent with the size of the dustlane and the detected CO lines (also see CARMA observations of the 12 CO J = 1 − 0 line in Bolatto et al. 2017) , we can obtain the molecular gas surface density to be Σ H2 = 5.4 ± 1.4 M ⊙ pc −2 , or the total cold gas surface density to be Σ H2+HI = 10.1 ± 1.4 M ⊙ pc −2 . Adopting the KennicuttSchmidt law, the expected SFR surface density would be Σ SFR,expect = 6.0
if only considering the molecular gas traced by CO lines). Considering the large systematic uncertainties in the measurement of cold gas mass and the scatter of the Kennicutt-Schmidt law, this value is in general comparable to the measured Σ SFR of ≈ 3 × 10 −3 M ⊙ yr −1 kpc −2 ( §1; Li et al. 2016b ). We therefore do not find a significant suppression of star formation in NGC 5908, as often suggested in disk galaxies with a huge bulge due to some star formation quenching mechanisms such as morphological quenching (e.g., Martig et al. 2009; Li et al. 2009 Li et al. , 2011 .
Accretion of the radiatively cooled hot halo gas may be an important source of cold gas observed in massive galaxies with an extensive hot CGM . Based on deep XMM-Newton X-ray observations, we have measured the radiative cooling rate of a sample of massive spiral galaxies with the virial temperature high enough to produce virialized soft X-ray emitting gas, including NGC 5908 . We obtained a cooling rate of the hot CGM within the cooling radius ofṀ cool = 0.37 (< 1.55) M ⊙ yr −1 for NGC 5908, or the total cooled gas mass of M cool < 1.5 × 10 10 M ⊙ within the Hubble time. The large uncertainty is caused by a fairly X-ray bright AGN (difficult to be cleanly removed from the XMM-Newton image) which strongly affect the characterization of the radial distribution of hot gas in the inner halo.Ṁ cool is about one order of magnitude lower than the SFR, so in principle, even if all the cooled gas can be used for star formation, the accretion of the cooled hot CGM is still insufficient to compensate the gas consumed in star formation. It is not impossible to have other gas supplies such as the accretion of cool gas from the companion galaxy NGC 5905. However, the HI 21-cm line observation of NGC 5905/5908 did not show any signatures of gas transfer (van Moorsel 1982) . We therefore conclude that the cold gas observed in NGC 5908 is mostly leftover gas from previous starburst, instead of newly acquired from the very isolated environment.
Assuming the current SFR, it will need about ten times of the Hubble time to accumulate the huge stellar mass of NGC 5908. Therefore, the galaxy must be in a stage(s) before with much higher growth rate, either from mergers or starbursts. On the other hand, the SFR of NGC 5908 is relatively high among the CGM-MASS galaxies , and is about one order of magnitude higher than that of M31 (∼ 0.4 M ⊙ yr −1 ; Barmby et al. 2006) , another massive quiescent spiral galaxy in our close neighbourhood. Since there is no signature of recent triggering of star formation (such as galaxy merger, gas transfer, or enhanced cooling of the CGM etc.), we conclude that NGC 5908 is not completely quiescent, and it may be in the early stage after the previous starburst, before the star formation is completely extinguished and the ejected gas cools and falls back to the galaxy. SN feedback is a key ingredient regulating the galaxy evolution. The thermalization efficiency, or the fraction of SN energy released as multi-wavelength emissions in the ISM or the CGM, is often only a few percent (e.g., Li & Wang 2013b; Walch & Naab 2015) . Many factors may affect the thermalization efficiency (e.g., Wang et al. 2016) , which is poorly constrained directly from observations (e.g., Strickland & Heckman 2009) . A key factor which may affect the observed X-ray radiation efficiency (a good tracer of feedback or thermalization efficiency) is the cold-hot gas interaction, which is often expected to enhance the observed X-ray emission via many micro-processes at the interface of different gas phases (such as turbulent mixing, thermal evaporation, charge exchange, etc.; e.g., Strickland et al. 2002; Li & Wang 2013b; Zhang et al. 2014) . NGC 5908 and most other CGM-MASS galaxies are among the spiral galaxies with the lowest X-ray radiation efficiency . However, unlike other CGM-MASS galaxies which are mostly poor in cool gas (Li J., et al., in prep.) so the low X-ray radiation efficiency is easily explained as the result of the lack of gas mixing (e.g., Tang et al. 2009 ), NGC 5908 is quite rich in cool gas and is often expected to be relatively X-ray bright (e.g., Li et al. 2009; Li 2015) . The low X-ray radiation efficiency provides evidence that the previously internally ejected or externally accreted gas in the CGM is not yet cooled and well mixed with the cold gas.
SUMMARY AND CONCLUSION
We present IRAM 30m observations of the 12 CO J = 1 − 0, 12 CO J = 2 − 1, and 13 CO J = 1 − 0 lines from the highly inclined massive spiral galaxy NGC 5908 selected from the CGM-MASS sample. All these three lines have been detected in most of the positions along the galactic disk, except that 13 CO J = 1 − 0 is not covered or clearly detected at the outermost positions. We model the lines with one or two gaussian components and calculate the integrated line intensities, line ratios, average velocity, and a few derived physical parameters. Below we summarize our major results and conclusions.
• The total mass of molecular gas in NGC 5908 estimated from the integrated 12 CO J = 1 − 0 (
Adding the atomic component measured with the H I 21-cm line from the literature, the total cool gas mass is ≈ 1.3 × 10 10 M ⊙ . The cool gas mass is thus comparable to the total mass of hot gas in the halo, so makes a significant contribution to the galaxy's gas budget, but is still far from sufficient to account for the "missing baryons".
• The rotation curves determined with a combination of different molecular lines significantly flatten at r ≈ 15 kpc. Fitting the measured velocities of different molecular lines with the universal rotation curve from Salucci et al. (2007) indicates that NGC 5908 has a dark matter halo with the mass of M vir ∼ 10 13 M ⊙ . Although better data and modeling are required to accurately mea-sure the halo mass, NGC 5908 is definitely among the most massive spiral galaxies yet known in the local universe. The basic scenario of gas cycling and star formation properties may thus be representative of a massive spiral galaxy evolved largely in isolation.
• The 12 CO/ 13 CO J = 1 − 0 line ratio is in general comparable to normal star forming galaxies, but not as high as extremely starburst ones. It is thus likely that star formation feedback does not seriously affect the molecular gas properties. In the mean time, the 12 CO J = 2−1/J = 1−0 line ratio and the estimated gas temperature also indicate relatively weak star formation in this massive spiral galaxy. Comparison to the star formation law indicates that NGC 5908 is converting cool gas to young stars at a normal efficiency, with no significant suppression of star formation as often suggested in disk galaxies with a huge bulge. The radiative cooling of the hot CGM or any other external gas supply are probably insufficient to compensate the gas consumed in star formation. The galaxy must have a fast growth stage with mergers and/or starbursts in the past. It is probably now at an early stage after the starburst, with plenty of leftover cool gas, a relatively high SFR, low hot CGM cooling rate, and low X-ray emissivity. velocity (km/s) Fig. 6 .-12 CO J = 1 − 0 spectra of the beams shown in Fig. 1 after subtracting a linear baseline. The poor baseline of "8" and "9" are caused by the poor weather conditions in the 2018B observations. The y-axis of the upper half of each panel is the main beam temperature after the main beam and forward efficiency corrections, while the lower half of each panel is the residual after subtracting the best-fit gaussian lines but adding the baseline. All the spectra have been binned to a velocity resolution of ≈ 10 km s −1 (binned 20), expect for region 7, which has been binned to a resolution of ≈ 20 km s −1 (binned 40). The spectra are fitted with a 1-gauss or 2-gauss model plus a 1-degree polynomial baseline. The red curve is the best-fit model, while the green curves, if present, are the two gaussian components. The zero velocity frequency is set to the systematic velocity of the galaxy (3306 km s −1 ) and the horizontal range of different panels are the same (113500 − 114500 MHz for the upper axis, or ∼ −1351 − +1278 km s −1 for the lower axis). For the lines fitted with just one gaussian component, the average v is the directly measured value. The integrated line intensity I has been corrected for the main beam and forward efficiencies in the J = 1 − 0 and J = 2 − 1 bands, respectively. The line ratio R is further corrected for beam dilution. N H 2 , 12 CO and N H 2 , 13 CO are the molecular gas column density derived from I12 CO J=1−0 and I13 CO J=1−0 , respectively. τ ( 13 CO) is the optical depth at 13 CO derived from Equ. 1. T K is the kinetic temperature derived from N H 2 and Eq. 2. All errors are quoted as 1 σ confidence level.
T (K) (12CO
frequency ( velocity (km/s) Fig. 7 .-Similar as Fig. 6 , but for the 12 CO J = 2 − 1 spectra. All the spectra have been binned to a velocity resolution of ≈ 10 km s −1 (binned 40). The horizontal range of different panels are the same (227000 − 229000 MHz for the upper axis, or ∼ −1345 − +1284 km s −1 for the lower axis).
